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Abstract 

Future rotorcraft propulsion systems are required to operate 
under highly-loaded conditions and in harsh sand erosion 
environments, thereby imposing significant material design 
and durability issues. The incorporation of advanced thermal 
barrier coatings (TBC) in high pressure turbine systems 
enables engine designs with higher inlet temperatures, thus 
improving the engine efficiency, power density and reliability. 
The impact and erosion resistance of turbine thermal barrier 
coating systems are crucial to the turbine coating technology 
application, because a robust turbine blade TBC system is a 
prerequisite for fully utilizing the potential coating technology 
benefit in the rotorcraft propulsion. This paper describes the 
turbine blade TBC development in addressing the coating 
impact and erosion resistance. Advanced thermal barrier 
coating systems with improved performance have also been 
validated in laboratory simulated engine erosion and/or 
thermal gradient environments. A preliminary life prediction 
modeling approach to emphasize the turbine blade coating 
erosion is also presented. 

Introduction 

Advanced thermal barrier coatings (TBC) are critical for 
designing next generation rotorcraft turbine engines because of 
their ability to allow increased engine gas temperatures and 
reduced cooling requirements, thus helping to achieve improved 
engine performance and durability. Multicomponent, oxide- 
defect-cluster based low conductivity thermal barrier coatings, 
combined with improved single crystal Ni-base superalloys, 
have demonstrated feasibility for increasing gas turbine engine 
blade temperature capability and reducing cooling requirements 
(Refs. 1 to 4). A recent systems assessment has shown that 
advanced turbine thermal barrier coatings can provide 
significant benefits in increasing engine efficiency (Ref. 5). 
However, a prime-reliant coating design approach is necessary 
to take full advantage of the thermal barrier coating technology 
in future rotorcraft engine systems. In particular, turbine blade 
thermal barrier coatings are especially susceptible to engine 
ingested sand erosion and impact damages because of the high 
velocity flow path nature of the blades and complex particulate- 
coating interactions under high heat-flux combustion turbine 
environments. Although significant advances have been made 
in thermal barrier coating technologies for reduced thermal 
conductivity, increased temperature capability and improved 


cyclic durability, erosion and impact resistance improvements 
of the coating systems have remained one of the most 
significant challenges for the turbine thermal barrier coating 
developments and applications. Advanced turbine blade thermal 
barrier coatings are currently being developed under the NASA 
Rotary Wing Project aimed at increasing the coating toughness 
and erosion resistance, in order to meet future engine design and 
performance requirements. Extensive research efforts have been 
made in developing new coating compositions, coating 
processing, and erosion mechanism models in order to improve 
the turbine coating erosion and impact durability (Refs. 6 and 
7). The main objective of this effort is to develop higher 
toughness turbine TBC systems with increased erosion and 
impact resistance for rotorcraft propulsion engines. The 
performance of advanced turbine blade thermal barrier coating 
systems, designed based on nano-tetragonal phase toughening 
approaches, will be discussed. These are based on the newly 
established erosion burner rig testing in simulated sand 
ingestion environments. Emphasis will also be placed on the 
more engine relevant long-term, high-temperature smaller 
particulate erosion conditions, so the erosion mechanisms can 
be investigated for developing the turbine blade coating life 
models. 

Experimental Procedures 

Advanced Thermal Barrier Coatings 

Advanced ceramic thermal barrier coatings were designed 
using a multicomponent defect-clustering approach to achieve 
the required low conductivity, high-temperature stability and 
improved durability (Refs. 1 to 3). In this study, the high 
temperature erosion and impact performance of oxide- 
clustering thermal barrier coating systems including Zr0 2 - 
Y 2 03 -Gd 2 03 -Yb 2 0 3 (f ZrYGdYb) and Zr0 2 -Y 2 0 3 -Gd 2 0 3 - 
Yb 2 0 3 -Ti0 2 -Ta 2 0 5 (f ZrYGdYbTT) was investigated. The 
advanced TBC systems, typically consisting of a 130 to 
200 pm thick ceramic top coat and a 75 to 100 pm thick PtAl 
intermediate bond coat, were electron beam-physical vapor 
deposited (EB-PVD) on to 25.4 mm diameter disk Rene N5 
nickel-base superalloy substrates. The coating compositions 
were chosen based on nano-tetragonal phase toughening 
design criteria and previous, preliminary phase 
stability/durability test results, aiming to improve the erosion 
resistance of the low conductivity thermal barrier coatings. 
The advanced t’ coatings were also compared with the 
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baseline Zr0 2 -7wt%Y 2 0 3 (7YSZ), and cubic phased coatings 
Zr 0 2 - 4 mol%Y 2 0 3 - 3 mol%Gd 2 03 - 3 mol%Yb 2 0 3 (cubic 433 
ZrYGdYb), Zr0 2 -4mol%Y 2 0 3 -3mol%Gd 2 0 3 -3mol%Yb 2 0 3 - 
Ti0 2 -Ta 2 0 5 (cubic 433 ZrYGdYbTT), Zr0 2 -4mol%Y 2 0 3 - 
4mol%Gd 2 0 3 -4mol%Yb 2 0 3 (cubic 444 ZrYGdYb), and 
pyrochlore (Zr 2 Gd 2 0 7 ) coatings. The EB-PVD coatings were 
all deposited using pre-fabricated evaporation ingots made 
using the designed compositions. 

Erosion Burner Rig and Testing 

A Mach 0.3 to 1.0 high velocity burner rig with erosion 
capability was developed for advanced turbine blade thermal 
barrier coating testing in a laboratory simulated turbine engine 
relevant erosion environments. Early work has demonstrated 
the burner rig effectiveness in evaluating the erosion behavior 
of ceramic seal coats and thermal barrier coatings (Refs. 8 and 
9). The rig development in this work has emphasized 
increasing the erodent particle velocities at high temperatures 
by increased gas mass flow rate, erodent flow uniformity with 
improved feeding systems and a duct approach, and more 
relevant thermal gradient turbine environments. 

As can be seen in Figure 1, the high velocity burner erosion 
rig consists of a Jet fuel combustor, a 19 mm (3/4 in.) diameter 
highly efficient burner nozzle, a specimen holder fixture and 
precision erodent feeder, and jet fuel and preheated 
compressed air supplies. The burner nozzle inner surface 
contour was designed based on an ANSI/ASME nozzle 
standard to achieve better flame stability and uniformity 
(Ref. 10), with the overall configuration modified for 
accommodating increased burner mass flow and higher heat 
flux environments. The nozzle was made of a single crystal 
nickel-base superalloy turbine blade material to ensure high 
temperature durability. 

To achieve high erosion particle velocities, a computational 
fluid dynamics modeling (CFD) approach in conjunction with 
experimental investigations was employed to optimize the 
burner and erodent injection design. The CFD model (Fluent) 
was used to calculate the gas and particle velocities for the 
burner rig temperatures and pressures of interest. The 
modeling and experimental testing were conducted in relative 
burner velocities ranging from Mach 0.3 to 0.9, representative 
to turbine engine conditions. A1 2 0 3 particles were used as 
erodent and the particle sizes used were ranged from 27 to 
560 pm in order to understand the coating broad erosion and 
impact behavior. A modified burner rig configuration with an 
extension duct (300 mm in length and 19 mm inner diameter) 
was also explored to further accelerate the erodent particle and 
increase the velocity. 

The coating erosion evaluations was mostly conducted at 
1800 °F (coating surface -1900 °F) and 2000 °F (coating 
surface 2100 °F), respectively, using 27 pm size A1 2 0 3 
particles, but also compared with tests performed at 2200 °F 


using 50 and 560 pm size A1 2 0 3 particles. The erosion rate 
was determined by interrupted coating erosion thickness- 
recession and weight-loss measurements, and also by the 
erodent amount required for the coating erosion penetration. 




Figure 1. — Mach 0. 3-1.0 high velocity burner erosion rig 
(a) The burner rig for the coating erosion testing. The 
insets show the burner nozzle under test operation of 
Mach 0.9. (b) The burner rig coating erosion testing 
for coating erosion model validation. The burner and 
duct system can significantly improve the flow uni- 
formity and erodent velocities for the erosion testing. 
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Experimental Results and Discussion 

Burner Rig Modeling and Characterization 

Figure 2(a) shows the particle velocities modeled for a 
27 pm erodent size using the CFD analysis in Mach 0.3 and 
0.5 burner conditions, respectively. It can be seen that the 
particle velocity increases with the distance from the burner 
nozzle exit and burner gas velocity (Mach number). At 25 mm 
(1 in.) distance, the particle velocity was estimated at 105 and 
200 m/s, respectively, under the Mach 0.3 and Mach 0.5 
burner gas flows. The maximum velocity is reached at 0.1 m 


distance from the burner nozzle exit. The modeling is in a 
good agreement with the experimental measurements, as show 
in Figure 2(b) and (c). 

For larger erodent particle size cases, lower particle 
velocities are expected at a given burner Mach number and 
longer acceleration distance is needed. As can be seen from 
Figure 3 CFD modeling results, the velocities are 
approximately 20 and 100 m/s at 25 mm distance from the 
nozzle injector for the 50 and 560 pm particle sizes, 
respectively under burner Mach 0.4 condition. The maximum 
velocities can be reached in roughly 0.2 m from the nozzle 
exit for the large particle size. 
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Figure 2. — (a) The CFD modeled particle velocities for 27 pm size particles under Mach 0.3 and Mach 0.7 burner 
operating conditions, (b) Modeled particle velocity as compared with experimental measurements, (c) Represent- 
ative photographs of the particle velocity measurements at Mach 0.5. The images were intentionally tilted to cover 
a larger field of view while maintaining high resolution to resolve small high velocity erodent particles. 
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Figure 3. — Particle velocities modeling based on CFD 
analysis for 50 and 560 pm size particles under 
burner Mach 0.4 and 0.9 conditions, and validated 
by experiments. 
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Figure 4. — Ducted rig particle velocity analysis and 
measurements for 27 pm size particles, (a) CFD 
modeling, (b) Burner particle velocity measurements. 


NAS A/TM— 20 1 0-2 1 5669 


4 






Thermal Barrier Coating Erosion Behavior 

Figure 5 shows the typical erosion rate behavior of the 
thermal barrier coatings at high temperatures. It can be seen 
that the coatings usually have a higher initial erosion rate, 
followed by a slower steady-state erosion rates. The decreased 
steady-state erosion is due to some coating sintering and 
densification of the very surface coating layers that have 
higher erosion resistance. The coating erosion rates become 
faster at the third stage when the coatings are at near the 
failure stage. 

The coating erosion behavior of various turbine thermal 
barrier coatings are summarized in Figure 6, as expressed as 
erosion rate (defined here as 25 pm coating thickness 
recession per gram erodent required). It can be seen that 
erosion rates of the coatings typically had some variability, 
largely influenced by coating composition and processing 
variations, and especially for the new multicomponent coating 
systems. The baseline 7YSZ coatings had more consistent 
erosion behavior. 

In order to further increase the particle velocities and 
uniformity, the burner rig was also modified with an 
additional duct as shown in Figure 1(b). The CFD model 
predicts that the particle velocities can be increased from 
150 m/s to over 250 m/s for the 27 pm particles under Mach 
0.5 conditions. The particle velocities were also confirmed by 
experiments measurement, as shown in Figure 4(b). 

As compared to the baseline 7YSZ coating, the cubic 
phased coating systems (cubic 433-ZrYGdYb, cubic 433- 
ZrYGdYb 5-5TiTa, and pyrochlore based coatings) showed 
the fastest erosion rates. Due to higher yield strength and 
therefore lower toughness, it would be expected that the cubic 
phase coatings had the lowest erosion rates. The lower phase 
stability coating with t’ + monoclinic phase ZrRETT due to 
the lower Gd, Yb dopant additions in the presence of Ti and 
Ta also showed higher erosion rates. The well processed low 
conductivity turbine V coating systems (both t’ ZrYGdYb and 
ZyYGdYbTT) with reasonably controlled composition 
homogeneity) generally showed improved erosion resistance 
(lower erosion rates) as compared to the baseline 7YSZ in 
both 27 and 50 pm size erosion and 560 pm impact tests. 
Advanced processed low k coatings have shown significantly 
improved erosion resistance. 

The test results showed that the coating erosion rate 
generally increases with erodent particle size tested in the 
Mach 0.5 to 0.7 range. For the 27 pm size particles, the 
coating erosion rates decreased dramatically in higher 
temperature tests (coating temperature 2100 °F) compared to 
the lower temperature (coating temperature 1900 °F). The 
significantly increased plasticity of the t’ based coatings at the 
higher temperature can contribute to the increased erosion 
resistance. 
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Figure 5. — Typical erosion rate regimes of thermal 
barrier coatings. The coating erosion can be 
characterized by an initial fast erosion stage, a 
slower “steady-state” erosion stage, and a third 
faster erosion stage near failure. 
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Figure 6. — The erosion behavior of turbine thermal 
barrier coatings of various low conductivity coatings 
as compared to baseline coating 7YSZ under 
various test conditions. 
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Figure 7. — The relative erosion-impact rate dependence 
for 50 and 560 pm sized erodent particles for selected 
coating systems tested at 2200 °F (1204 °C). 

Figure 7 shows the particle energy dependence of the 
erosion/impact rates, for 50 and 560 pm size erodent particles 
tested at 2200 °F (1204 °C). The In (erosion-impact rates) - In 
(particle energy) plot allows the determination of the energy 
exponent of the erosion/impact rates. It can be seen that the 
high temperature data showed relatively low energy 
dependence. The average slope of the fitted lines for the 
selected coating systems is found to be approximately 
0.21 ±0.04. It should be noted that the two particle size cases 
represent two distinct coating damage and failure mechanism 
regimes (with the 50 pm size particles as the erosion dominant 
mechanism and 560 pm size particles as the impact damage 
mechanism). Nevertheless, it does provide some information 
on the complexity of the coating general erosion behavior. 
Figure 8 shows the erosion and impact surface morphologies 
of low conductivity tetragonal phase t’ ZrYGdYb coatings. It 
can be seen from Figure 8(a) that, in the 50 pm particle 
erosion case, the ceramic coating is characterized by minor 
surface plastic deformation and densification resulting from 
the particle impingement. The coating erosion is primarily 
caused by small-area and shallow-depth spalling under the 
repetitive erodent particle loading. However, in the 560 pm 
particle impact case as shown in Figure 8(b), the coating 
surface typically experiences significant plastic deformation 
and densification. It can be concluded that the high 
temperature plastic deformation or plasticity can lead to 
increased coating toughness and the energy absorption for the 
560 pm size particles impact case, therefore leading to the low 
energy exponent for the coating systems observed in this 
study. Severe surface plasticity observed for the 560 pm size 
coating impact testing case supports the hypothesis of the 
increased coating toughness and reduced erosion/impact rates 
for the large particles at the high temperatures. It should be 
noted that large-area and deep-coating layer spallation can 
occur especially at the late stage of the impact process due to 
the increased coating delamination chiving force and 
accumulated damage under high impact energy conditions. 




Figure 8. — Scanning electron microscope images show- 
ing surface damage morphologies of high toughness 
low conductivity thermal barrier coatings under erosion 
and impact testing, respectively, (a) Erosion surface 
with limited surface plasticity and small area erosion- 
fatigue spalling (arrows showing the coating spallation 
areas), (b) Impact surface with extensive surface 
plasticity and large area spalling. 


Thermal Barrier Coating Erosion Life Prediction 

The erosion modeling is focused on the effect of the 
underlying thermal barrier coating properties on the high 
temperature erosion behavior. It has been shown that the TBC 
erosion modeling and life models can be achieved by strain 
amplitudes of various degradation mechanisms in conjunction 
with fracture mechanics approaches. 

The strain amplitude model is given by 


e(As ^ eroson , As ^ cre ep j As ^heatflux > Ae p, LCF > oxidation ) 


.Y} /2 =s c 


( 1 ) 


Where Ae Aef0sion is the average repetitive particulate erosion 
induced strain amplitude per particulate impact, AE PtCKep9 
Ae M eat_fhix, Ae />,LCF, and Ae AOXidation are coating sintering-creep, 
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heat flux strain gradient and applied low cycle fatigue and 
oxidation plastic strain induced strain amplitudes, 
respectively. The thermal barrier coating erosion rate 
Ae^erosion e plosion » defined as the mass loss from the coating 

per unit mass erodent, can be determined from the erodent 
particle kinetic energy and coating deformation volume based 
on Equation (1) 


p — jc . 1 

t'p, erosion 


' • h{t? 


■ V n j 

r erodent 

(2a) 

1/2 T rn 


t ' Y 

3/2 

(2b) 


Where m erodent is the erodent mass, /(a) is the impingement 
angle function, C, K are constants, n is the erodent velocity 
exponent, typically n = 2-3 depending on the extent of 
deformation occurred, Ptbc and percent are the densities of the 
thermal barrier coating and erodent, respectively, and V is 
erodent velocity, H(T) is the temperature dependent dynamic 
hardness of the coating. Given the coating defect size can be 
typically assumed on the magnitude of the column width w, 
the Equation (2b) can be rewritten in terms of the coating 
toughness 



Temperature, °C 


Figure 9. — Turbine TBC hardness values as a function 
of time at various temperatures, modeled from the high 
temperature strength measurements and sintering 
kinetics of the coating systems. The higher temperature 
resulted in more rapid hardness increases due to sin- 
tering, although the overall hardness values are lower 
compared to those at lower temperatures, due to the 
ZrC >2 softening behavior. 


1/2 n 

p _ K Ptbc ’ ^TBC ' P erodent ‘ V /*\ 
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Where G c is the critical strain energy release rate of the 
coating. It can be seen that the erosion rate can be reduced by 
increasing the coating toughness G C9 which can be achieved by 
the coating compositional design and processing 
improvements. Since the sintered coating hardness decreases 
significantly with temperature based on our previous 
experimental and modeling work, as shown in Figure 9, the 
erosion rate temperature dependence will be governed by two 
competing factors, that is, the erosion rate increases with the 
overall coating softening (which increases the coating erosion 
rate) and decreases with increased coating toughness due to 
the increased plastic deformation (which reduces the coating 
erosion rate). As mentioned above, the significantly reduced 
erosion rates were observed at higher testing temperature 
(2100 °F) as compared to those at lower testing temperature 
(1900 °F). The reduction in erosion rates was attributed to the 
predominant plasticity occurring at the higher temperature and 
therefore increased coating toughness. The preliminary 
coating development work demonstrated that the coating 
toughness improvements through new compositional and 
microstructural design and processing optimization that can 
increase the erosion resistant up to 80 to 100 percent at high 
temperatures. The coating erosion rate and life prediction will 
focus on characterizing the effective coating toughness and 
microstructural level coating properties to establish physics- 
based models. 


Concluding Remarks 

An advanced high velocity burner rig based erosion test 
approach has been established to evaluate the turbine thermal 
barrier coatings in relevant engine environments. CFD models 
have been established to understand gas and erodent flows for 
the burner rig conditions. 

A new series of t’ phase rare earth oxide (Gd 2 0 3 and Yb 2 0 3 
codoped)- and Ti0 2 /Ta 2 0 5 -alloyed, Zr0 2 -based thermal 
barrier coatings were designed and processed. The advanced 
turbine thermal barrier coatings developed for rotorcraft 
engines will have combined low conductivity and high 
toughness for improved thermal barrier performance and 
erosion resistance. The coating systems demonstrated initial 
improvements in the erosion resistance. The long-term 
durability of the turbine airfoil thermal barrier coating systems 
will be evaluated to develop comprehensive physics-based life 
prediction models addressing the erosion, sintering and fatigue 
interactions and strain damage accumulations, and to validate 
the models for turbine blade components. 
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